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ABSTRACT
We present high angular resolution observations of the HCN(1 – 0) emission (at ∼ 1′′ or ∼ 34 pc),
together with CO J = 1 – 0, 2 – 1, and 3 – 2 observations, toward the Seyfert 2 nucleus of M51
(NGC 5194). The overall HCN(1 – 0) distribution and kinematics are very similar to that of the
CO lines, which have been indicated as the jet-entrained molecular gas in our past observations. In
addition, high HCN(1 – 0)/CO(1 – 0) brightness temperature ratio of about unity is observed along
the jets, similar to that observed at the shocked molecular gas in our Galaxy. These results strongly
indicate that both diffuse and dense gases are entrained by the jets and outflowing from the AGN.
The channel map of HCN(1 – 0) at the systemic velocity shows a strong emission right at the nucleus,
where no obvious emission has been detected in the CO lines. The HCN(1 – 0)/CO(1 – 0) brightness
temperature ratio at this region reaches > 2, a value that cannot be explained considering standard
physical/chemical conditions. Based on our calculations, we suggest infrared pumping and possibly
weak HCN masing, but still requiring an enhanced HCN abundance for the cause of this high ratio.
This suggests the presence of a compact dense obscuring molecular gas in front of the nucleus of
M51, which remains unresolved at our ∼ 1′′ (∼ 34 pc) resolution, and consistent with the Seyfert 2
classification picture.
Subject headings: galaxies: individual (M51, NGC 5194), galaxies: ISM, galaxies: jets, galaxies: nuclei,
galaxies: Seyfert, ISM: jets and outflows
1. INTRODUCTION
Active Galactic Nuclei (AGNs) are generally believed
to consist of supermassive black holes (SMBHs) sur-
rounded by dense material (i.e., molecular gas and dust)
in a disk or a torus configuration (e.g., Antonucci 1993).
At spatial scales of > 100 pc, a number of observa-
tions toward nearby AGN host galaxies in molecular gas
have uncovered strong concentrations of dense molec-
ular gas at the location of AGNs (e.g., Kohno et al.
2001, 2008a), and these nuclear components often show
smooth velocity gradients, suggestive of rotating disks or
tori around AGNs (e.g., Jackson et al. 1993; Kohno et al.
1996; Hsieh et al. 2008; Hicks et al. 2009; Sani et al.
2012).
At finer spatial scales of ∼ 10 pc, however, molecu-
lar gas observations toward some of the previously ob-
served AGNs revealed very different images from the
past results observed at larger spatial scales. The
nuclear molecular gas shows very disturbed features,
such as jet-entrained or outflowing motions from AGNs
(Matsushita et al. 2007; Krips et al. 2011; Combes et al.
2013) or infalling motions toward AGNs (Davies et al.
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2009; Mu¨ller Sa´nchez et al. 2009), with little evidence
of obscuring rotating disks or tori at this spatial scale.
Where is the obscuring material? In this paper, we tar-
get one of the nearest Seyfert galaxies, M51 (NGC 5194),
to tackle these questions.
M51 hosts a Seyfert 2 nucleus (Ho et al. 1997)
with a pair of radio jets (Ford et al. 1985;
Crane & van der Hulst 1992). It is located at a
distance of 7.1 Mpc (Taka´ts & Vinko´ 2006), which is
about one half that of NGC 1068 (14.4 Mpc; Tully
1988), and therefore a very suitable target to observe
nuclear molecular gas that requires very high linear
resolution. The molecular gas around the nucleus of
M51 is dense (> 104 cm−3; Kohno et al. 1996) and
warm (> 100 K; Matsushita et al. 1998, 2004). The
molecular gas distribution and kinematics within ∼ 1′′
(∼ 34 pc) from the AGN are complex, showing no clear
evidence for a disk or torus, but instead two separated
features located at the eastern and western sides of the
nucleus (Matsushita et al. 2007). The western clump
shows a velocity gradient along the radio jets, and its
value matches well with that of the ionized gas along the
jets (Bradley et al. 2004), strongly indicating that the
western clump is entrained by the jets and outflowing
from the nucleus (Matsushita et al. 2007).
These previous ∼ 1′′ resolution studies, however, have
only been done with CO lines, which might trace dif-
ferent gas components, including diffuse molecular gas,
and may confuse our view of the gas distribution and
kinematics close to the nucleus. On the other hand, pre-
vious ∼ 4′′ resolution HCN(1 – 0) image (Kohno et al.
1996, 2008b) is not high resolution enough to resolve
the detailed structures that have been resolved with the
∼ 1′′ CO observations. In addition, Aalto et al. (2012)
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Fig. 1.— Integrated intensity maps of (a) CO(1 – 0), (b) CO(2
– 1), (c) CO(3 – 2), and (d) HCN(1 – 0) lines toward the cen-
tral ±3′′ (±100 pc) of M51 (the CO J = 2 – 1 image is from
Matsushita et al. 2007). The uv coverages and the beam sizes
(1.′′10 × 0.′′85, P.A. = 31◦) are matched, except the CO(2 – 1)
line map (0.′′40 × 0.′′31, P.A. = 0◦). The central cross in each
map displays the location of the type 2 Seyfert nucleus determined
from the peak of the 8.4 GHz radio continuum peak position of
R.A. = 13h29m52.s7101 and Dec. = 47◦11′42.′′696 (Hagiwara et al.
2001; Bradley et al. 2004). In (a), three molecular gas clumps has
been labeled with the same manner as in Scoville et al. (1998).
Contour levels are as follows: (a) 2, 4, 6, 8, and 10 × 0.248 Jy
beam−1 km s−1. (b) 1, 3, 5, 7, 9, and 11 × 0.334 Jy beam−1 km
s−1. (c) 2, 4, 6, 8, and 10 × 2.21 Jy beam−1 km s−1. (d) 2, 4,
and 6 × 0.109 Jy beam−1 km s−1.
reported an HCN(1 – 0) emission enhancement in the
molecular outflows of Mrk 231 at a scale of about 1 kpc,
suggesting that the HCN emission can be a good tool
for tracing outflows. Observations toward the nucleus
of M51 using the HCN(1 – 0) line at 1′′ or better res-
olution are therefore essential to understand the physi-
cal and chemical interactions between molecular gas and
AGN jets. Here, we present ∼ 1′′ resolution HCN(1 – 0),
HCO+(1 – 0), and HNC(1 – 0) data toward the nuclear
region of M51, together with the . 1′′ resolution CO (1
– 0), (2 – 1), and (3 – 2) data, and compare the distribu-
tions and kinematics of these lines. We then discuss the
possible emission mechanism of the HCN line from the
nuclear region of M51.
2. OBSERVATION AND DATA REDUCTION
2.1. PdBI Observations
We observed the HCN(1 – 0), HCO+(1 – 0), and
HNC(1 – 0) lines simultaneously toward the nuclear re-
gion of M51 using the IRAM Plateau de Bure Interferom-
eter (PdBI). The array was in the A configuration, and
the observation was carried out on February 1st, 2009.
The system temperatures in SSB were in the range 80 –
400 K, depending mostly on the elevation angle (i.e., at-
mospheric absorption). Three 160 MHz (∼ 535 km s−1)
bandwidth correlators were configured to cover each line.
Five 320 MHz units were configured primarily to cover
nearby line-free frequencies for continuum observations
and calibrations. MWC 349 was observed for the flux
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Fig. 2.— Intensity-weighted velocity field maps of (a) CO(1 –
0), (b) CO(2 – 1), (c) CO(3 – 2), and (d) HCN(1 – 0) lines to-
ward the central ±3′′ of M51 (the CO J = 2 – 1 image is from
Matsushita et al. 2007). Contour levels are as follows: (a) 460,
480, 500, ..., 560 km s−1. (b) 440, 460, 480, ..., 540 km s−1. (c)
460, 480, 500, ..., 560 km s−1. (d) 480, 500, 520, 540, and 560 km
s−1. Other information is the same as in Fig. 1.
calibration, the strong quasar 3C273 was used for the
bandpass calibration, and the quasars J1310+323 and
J1419+543 were used for the phase and amplitude cal-
ibrations. The uncertainty in the absolute flux scale is
estimated to be around 5%.
The data were calibrated using GILDAS, and were im-
aged using AIPS. We did not detect any significant emis-
sion for the HCO+(1 – 0) and HNC(1 – 0) lines with
the 3σ upper limit of 2.0 mJy beam−1 in each 20 km
s−1 channel for both lines within the velocity range of
350 – 550 km s−1. We also did not detect any con-
tinuum emission at 90 GHz with the 3σ upper limit of
0.87 mJy beam−1.
2.2. SMA Observations
The CO(3 – 2) line was observed with the Submillime-
ter Array (SMA; Ho et al. 2004)1. The observation was
performed on April 18, 2005, and six out of eight 6 m
antennas were used in the extended configuration. The
correlator was configured to a 2 GHz bandwidth with a
0.8125 MHz channel resolution, and the line was located
at the upper side band (USB). Titan was observed as
a flux calibrator, and Uranus, Ganymede, 3C279, and
3C345 were used as bandpass calibrators. J1153+495
and 3C345 were observed every ∼ 20 minutes for the
phase and amplitude calibrations. The uncertainty in
the absolute flux scale is estimated to be around 15%.
The data calibrations were done using the software
package MIR, adapted for SMA2. This extended con-
figuration dataset was combined with the previous com-
1 The Submillimeter Array is a joint project between the Smith-
sonian Astrophysical Observatory and the Academia Sinica Insti-
tute of Astronomy and Astrophysics, and is funded by the Smith-
sonian Institution and the Academia Sinica.
2 http://www.cfa.harvard.edu/$\sim$cqi/mircook.html
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Fig. 3.— Central ±3′′ channel maps between the velocity range of 480± 20 km s−1 (i.e., systemic velocity channel map and one channel
before and after). First to fourth columns are the CO(1 – 0), CO(2 – 1), CO(3 – 2), and HCN(1 – 0) lines, respectively. First, second, and
third rows are the channel maps at the velocities of 460, 480, and 500 km s−1, respectively. Contour levels are as follows: CO(1 – 0): −4,
−3, 3, 4, 5, and 6 ×1σ (= 4.6 mJy beam−1 = 0.45 K). CO(2 – 1): −3, 3, 5, 7, and 9 ×1σ (= 5.2 mJy beam−1 = 0.96 K). CO(3 – 2): −3,
3, 4, 5, 6, and 7 ×1σ (= 39.7 mJy beam−1 = 0.43 K). HCN(1 – 0): −3, 3, 4, and 5 ×1σ (= 1.9 mJy beam−1 = 0.31 K). Note that there
was no positive or negative noise more than 3σ in the HCN(1 – 0) map. See Fig. 1 caption for other information.
pact configuration data set (Matsushita et al. 2004) in
the uv plane. The combined data were CLEANed and
the images were produced using AIPS.
2.3. Matching uv Ranges
In this paper, we compare the newly obtained HCN(1 –
0) and CO(3 – 2) data with the previously obtained PdBI
A configuration CO(1 – 0) data (Matsushita et al. 2007)
in various ways, including line ratios. For this purpose,
we need to match the shortest uv lengths and the beam
sizes of all the datasets, so that they all sample the same
structures (i.e., the same spatial frequency components
obtained by interferometers). Note that matching the
beam size has the same effect as matching the longest uv
lengths. The shortest uv length common to all datasets
is imposed by the CO(1 – 0) data, for which the short-
est uv length is 37 kλ (i.e., we can image the structure
smaller than ∼ 6′′). We then convolved all the images
to the largest beam size among our data of 1.′′10 × 0.′′85
with the position angle (P.A.) of 31◦. We note here that
this uv range matching does not significantly change the
images from the uv unlimited ones. We did not match
the uv range for the CO(2 – 1) data, since there is a
small overlap in the uv range with other data (i.e., CO J
= 2 – 1 data has the shortest uv length twice longer than
that of J = 1 – 0 data, since those data are taken simul-
taneously with PdBI). As we will show, the CO(2 – 1)
line traces the same features, and is shown for reference,
although it is not included in the line ratio calculations.
3. RESULTS
In Fig. 1, we show the central ±3′′ (±100 pc) region
integrated intensity maps of the CO(1 – 0), CO(2 – 1),
CO(3 – 2), and HCN(1 – 0) lines. All the data except
CO(2 – 1) are uv and beam matched images as mentioned
above. The spatial resolution in CO(2 – 1) is more than a
factor of two higher than other images (Matsushita et al.
2007), and is shown here for reference. All the images
appear to have similar overall molecular gas distribu-
tions and kinematics: There are two clumps located at
the western and eastern sides of the nucleus (hereafter
clumps S1 and S2, respectively; see Fig. 1a), whereby the
western clumps S1 are elongated along the north-south
direction. The intensity-weighted velocity maps for all
the lines are shown in Fig. 2. In all the maps, the eastern
clump S2 shows increasingly higher blueshifted velocities
toward the nucleus, and the western clump S1 shows clear
velocity gradient in the north-south direction, as was pre-
viously reported by Matsushita et al. (2007). The sim-
ilarity in the kinematics for all the lines suggests that
the overall molecular gas distribution and kinematics
at the central ±3′′ does not depend on the molecular
species (both CO and HCN) or properties (both diffuse
and dense gas, and from lower-J to higher-J lines). As
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Fig. 4.— Spectra toward the M51 nucleus for (a) CO(1 – 0), (b)
CO(2 – 1), (c) CO(3 – 2), and (d) HCN(1 – 0) lines. The spectra
have been taken at the position of the nucleus with the spatial
resolution the same as the beam sizes. The nuclear position and
the beam sizes are mentioned in the caption of Fig. 1. Horizontal
dashed lines in each plot are ±1σ of each data set (see the caption
of Fig. 1 for the values). All the CO lines exhibit at most ∼ 2σ
peaks, but the HCN(1 – 0) line only at the velocity channel of 480
km s−1, which includes the systemic velocity of 471.7±0.3 km s−1
(Shetty et al. 2007), shows a ∼ 5σ peak.
mentioned in Sect. 1, the S1 clump is the jet-entrained
molecular gas, so that the similarity of the distribution
and kinematics between the CO and HCN data strongly
indicates that the both diffuse and dense molecular gas
is entrained by the jets and outflowing from the AGN.
With a detailed inspection of the channel maps, how-
ever, a distinct difference between the CO and HCN dis-
tributions can be seen in a channel map at the systemic
velocity (471.7 ± 0.3 km s−1 Shetty et al. 2007). Fig. 3
displays three channel maps centered at the velocity of
460, 480, and 500 km s−1, each with a width of ∼ 20
km s−1. In the channel maps at the velocity of 460 and
500 km s−1 (i.e., adjacent to the channel at the systemic
velocity), all the lines show the emission peaks at either
or both eastern and western sides of the nucleus (some
emissions elongate toward the nucleus, but do not peak
there). On the other hand, in the channel maps at the
velocity of 480 km s−1, which includes the systemic ve-
locity of 471.7± 0.3 km s−1, the HCN(1 – 0) line clearly
exhibits a ∼ 5σ peak at the nucleus, where CO lines show
no peak if any detectable emission at the nucleus. To fur-
ther confirm this systemic velocity HCN emission peak,
we plot the spectra toward the nucleus of M51 for all four
lines in Fig. 4. As can be seen, all the CO lines exhibit at
best emission at the ∼ 2σ level, but the HCN(1 – 0) line
shows a ∼ 5σ peak only at the systemic velocity channel
of 480 km s−1. This therefore indicates that the central
HCN(1 – 0) emission is highly related to the molecular
gas around the systemic velocity.
After converting the integrated intensity maps of the
CO(1 – 0) and HCN(1 – 0) lines in Fig. 1 into brightness
temperature maps, we made the HCN(1 – 0)/CO(1 – 0)
brightness temperature ratio map in Fig. 5 overlaid on
the VLA 6 cm continuum map (Crane & van der Hulst
1992). All the molecular gas clumps show the HCN/CO
ratios of more than 0.1, and the clumps closer in projec-
tion either to the AGN or to the jet tend to have higher
ratios. Indeed, the highest ratio of more than 2.0 is lo-
cated at the AGN (western) side of the clump S2. More
interestingly, all the eastern side of the clump S1 has
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Fig. 5.— HCN(1 – 0)/CO(1 – 0) brightness temperature ratio
map (contours) overlaid on the VLA 6 cm radio continuum image
(greyscale; Crane & van der Hulst 1992). Contour levels are pre-
sented in the map. The dashed line shows the radio jet axis (P.A. =
166
◦
; Bradley et al. 2004), and the continuum image is enhanced
to show the weak jet emission elongated toward south-east, and
connected to the bow-shock emission at south-east of this image.
The average ratios for the clumps S1, S2, and S3 are calculated as
0.6, 1.5, and 0.3, respectively. S1 is clearly elongated along this
jet emission (see also Matsushita et al. 2007), and the higher ratio
regions are concentrated where S1 and the jet overlap. S2 mostly
overlaps with the jet emission and has high ratio overall, but higher
toward the Seyfert 2 nucleus. Cross at the center is the same as in
Fig. 1.
higher ratio of ∼ 1.0 than the western side of ∼ 0.3−0.5,
and this side is where the radio jets are running through,
which can be clearly seen in Fig. 5.
The average ratios of the clumps S1, S2, and S3 are
calculated as 0.6, 1.5, and 0.3, respectively. On the
other hand, since the CO(1 – 0) emission totally lacks
at the nucleus (see Fig. 1a), the HCN/CO ratio at the
nucleus cannot be calculated in the ratio map. But since
the HCN(1 – 0) emission does exist at the nucleus with
the integrated intensity of 0.422 Jy beam−1 km s−1, the
lower limit of the HCN/CO brightness temperature ratio
at the nucleus can be calculated as > 0.96 using the 3σ
upper limit of CO of 0.744 Jy beam−1 km s−1. This is
also true in the channel map at the velocity of 480 km
s−1; in Fig. 3, no clear emission in CO(1 – 0) toward the
nucleus with 1σ noise level of 0.45 K, while HCN(1 – 0)
is detected with 1.5 K (∼ 5σ).
The radial tendency of the HCN/CO ratio is more
clearly seen in the radial ratio plot. Fig. 6(a) plots the
radial integrated intensity distributions of HCN(1 – 0)
and CO(1 – 0) in unit of K km s−1. It is obvious that
the HCN(1 – 0) emission is centrally concentrated, while
the CO(1 – 0) emission exhibits deficiency at the nucleus.
From these two radial distributions, we made the radial
HCN(1 – 0)/CO(1 – 0) integrated intensity ratio plot in
Fig. 6(b). This figure clearly displays that the HCN/CO
ratio is higher at the nucleus and decreases monotoni-
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from the integrated intensity maps in Fig. 1 after converted into
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intensity ratio distribution. The uv coverages are matched between
these two lines.
cally as the distance from the nucleus increases out to
∼ 1.′′25.
As mentioned in Sect. 2.1, we did not detect the
HCO+(1 – 0) and HNC(1 – 0) lines and therefore the
maps for these lines are not presented in this paper.
The brightness temperature ratios for both HCN(1 –
0)/HCO+(1 – 0) and HCN(1 – 0)/HNC(1 – 0) are there-
fore > 4.3 using 3σ upper limits for these non-detected
lines.
4. DISCUSSION
4.1. High HCN/CO Ratios at the Nucleus and
Outflowing Gas
Our high spatial resolution molecular gas images to-
ward the Seyfert 2 nucleus of M51 clearly exhibit higher
HCN(1 – 0)/CO(1 – 0) ratios in the molecular gas clumps
located close to the AGN than those in other galaxies;
the jet-entrained molecular gas clump (clump S1; pro-
jected distance of ∼ 30 pc from the nucleus) has an aver-
aged HCN/CO ratio of 0.6, and the nearest clump from
the AGN (clump S2; projected distance < 20 pc) a ratio
of 1.5. The clump S3, which located farthest from the
AGN, has a ratio of 0.3.
In normal and starburst galaxies, the HCN(1 –
0)/CO(1 – 0) ratios are < 0.3 (e.g., Solomon et al.
1992; Helfer & Blitz 1993; Aalto et al. 1995; Sorai et al.
2002; Gao & Solomon 2004; Kohno et al. 2008a;
Matsushita et al. 2010). The ratios in our Galaxy and
M31 are also low, around 0.01 – 0.03 for Giant Molecular
Clouds (GMCs) in the galactic disks (Helfer & Blitz
1997; Brouillet et al. 2005), and up to ∼ 0.15 at the
Galactic center (Jackson et al. 1996). The ratios can be
up to ∼ 0.6 for the case of molecular gas located around
Seyfert nuclei (e.g., Kohno et al. 2008a; Krips et al.
2007, 2011). Based on these values, the averaged
HCN/CO ratio of the clump S1 is similar to those of
other Seyfert galaxies, and that of the clump S3 is at
the high end of normal or starburst galaxies. The clump
S2 is exceptional; the HCN intensity is brighter than
that of CO, and this has never been observed in other
galaxies in the past.
4.2. Shocked Molecular Gas Outflow along the Radio
Jets
As shown in Sect. 3 and in Fig. 5, the S1 clump show
a high HCN/CO ratio of around unity only at the side
where the radio jets overlap. In addition, this clump is
known to be an outflow that is entrained by the radio
jets (Matsushita et al. 2007). Such a high ratio has been
observed at shocked regions of molecular outflows from
young stellar objects in our Galaxy.
Umemoto et al. (1992) observed a highly collimated
outflow in the dark cloud L1157 with the 12CO(1 – 0),
13CO(1 – 0), and HCN(1 – 0) lines. In their 12CO spec-
trum, two (narrow and broad) components can be seen,
which are tracing quiescent and outflowing gas, respec-
tively. In the 13CO spectrum, only a narrow component
has been detected, but on the contrary, only a broad com-
ponent has been detected in the HCN spectrum. Using
their data, we derive the line ratios with assuming that
the HCN emission is only from the outflow component
and the 13CO emission from quiescent component. For
the 12CO line, we fit a Gaussian to each component to
derive the integrated intensity. We integrate all the hy-
perfine components of the HCN line, since our M51 data
cannot distinguish these lines. From these data, we cal-
culated the HCN/12CO and HCN/13CO ratios for the
outflowing (shocked) gas as 0.9 and > 260 (using 3σ up-
per limit for the 13CO data), respectively. Interferomet-
ric HCN and 12CO line observations of the Orion-KL
high velocity outflow (Wright et al. 1996) also show high
HCN/12CO ratios ranging between 0.4− 0.5. The ratios
in the Orion-KL outflow is lower than that in the L1157
outflow, possibly due to more complex nature (and there-
fore larger contamination) in the massive star forming
regions than in the low mass star forming regions.
The ratio and the condition of the clump S1, especially
the side close to the radio jets, is very similar to that of
the outflowing (shocked) molecular gas in L1157. This
strongly supports the idea that the high HCN/CO ratio
along the radio jets in M51 is caused by the strong inter-
action (i.e., shock) between the jets and the outflowing
molecular gas. Furthermore, it is worth mentioning that
the averaged HCN/CO ratio of 0.6 is very similar to the
dense molecular gas outflow observed toward Mrk 231 of
∼ 0.6 (Aalto et al. 2012). Since their spatial resolution
of ∼ 1.2 kpc is lower than ours, it is possible that the
actual HCN/CO ratio in Mrk 231 is higher.
4.3. Infrared Pumping with Weak Maser at
Circumnuclear Molecular Gas?
The clump S2 shows extremely high HCN/CO ratio
of 1.5 on average, and more than 2 at the nucleus as
shown in Fig. 6. As mentioned above, such high ratios
have not been observed in extragalactic molecular gas,
but observed in molecular gas around Asymptotic Giant
Branch (AGB) stars.
We observed the high mass-loss carbon AGB stars,
IRC+10216, with 12CO(1 – 0), 13CO(1 – 0), and HCN(1
– 0) for the intensity calibrations of our past observa-
tions (see Matsushita et al. 2010, for details). The re-
sultant 12CO/13CO, HCN/12CO, and HCN/13CO inte-
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grated intensity ratios are ∼ 11, 1.3, and 15, respec-
tively. Note again that we integrate all the HCN hyper-
fine lines for this calculation. The high HCN/12CO and
HCN/13CO ratios are due to the infrared (IR) pumping
(Dinh-V-Trung & Nguyen-Q-Rieu 2000).
This result suggests that the extremely high HCN/CO
ratio can be due to the IR pumping. In the following
subsections, we discuss what is the possible excitation
mechanism for the clump S2.
4.3.1. Excitation Mechanisms of the HCN Emission: I.
LTE/non-LTE Conditions
We start by assuming that both molecules are excited
solely by collisions with H2 molecules, which is typically
the case in Galactic GMCs. The opacity ratio under the
local thermal equilibrium (LTE) can be expressed as
τHCN(1−0)
τCO(1−0)
=
fHCN
fCO
(
µHCN
µCO
)2
BHCN
BCO
[HCN]
[CO]
×
1− exp(−hνHCN(1−0)/kT )
1− exp(−hνCO(1−0)/kT )
, (1)
where f is the filling factor, µ is the dipole moment, B is
the rotational constant, h is the Planck constant, ν is the
rotational transition frequency, and k is the Boltzmann
constant. The HCN and CO molecular abundances rela-
tive to H2 are expressed as [HCN] and [CO], respectively.
Adopting fHCN = fCO, which is already an extreme case
compared to the Galactic GMCs where fHCN ≪ fCO,
µHCN = 2.984, µCO = 0.112, BHCN = 44.316 GHz,
BCO = 57.636 GHz, νHCN = 88.631 GHz, νCO = 115.271
GHz, [HCN] = 2 × 10−8 (Irvine et al. 1987), and [CO]
= 5 × 10−5, the opacity ratio can be calculated as
τHCN(1−0)/τCO(1−0) ∼ 0.18 ± 0.01 under a large range
of molecular gas temperature condition (T ∼ 3 − 1000
K). The brightness temperature ratio can therefore be
expressed as
THCN(1−0)
TCO(1−0)
=
1− exp(−τHCN)
1− exp(−τCO)
∼
1− exp(−0.18τCO)
1− exp(−τCO)
, (2)
and this ratio ranges between 0.18 (optically thin limit)
and 1 (optically thick limit), which cannot realize HCN(1
– 0)/CO(1 – 0) > 1.
If fHCN is ∼ 10 times larger than fCO, then it is possi-
ble to obtain the observed ratio, but it is physically un-
likely; the critical density of the HCN molecule is more
than an order of magnitude larger than that of the CO
molecule, so that wherever the HCN molecules can emit,
the CO molecules can also emit, and fHCN cannot be
larger than fCO. A simple way to reproduce the observed
HCN/CO ratio would be if the [HCN]/[CO] abundance
ratio is increased by a factor of ∼ 10. In either case, the
CO emission should be optically thin. This is also true
even for the non-LTE radiation transfer modeling using
the large-velocity-gradient (LVG) approximation; with-
out changing the HCN abundance, the HCN/CO ratio
can be at most around unity under very limited temper-
ature or density range (see Sect. 4.3.2 below and Fig. 7c).
4.3.2. Excitation Mechanisms of the HCN Emission: II.
Infrared Pumping
In addition to the collisional excitation, here we also
consider the possibility of IR radiative pumping (Morris
1975; Carrol & Goldsmith 1981; Deguchi & Uyemura
1984), since this mechanism can enhance the HCN inten-
sity as mentioned for the case of IRC+10216 in Sect. 4.3.
This mechanism is to pump the population of a rota-
tional level to higher levels via vibrational transitions; in
a strong IR radiation field, some molecules that have vi-
brational transitions at IR wavelength will be pumped to
higher vibrational levels and radiate back to lower levels,
but to higher rotational levels than before. This pro-
cess increases the population at higher rotational levels
and therefore makes the rotational transition emission
stronger than general molecular clouds (no strong IR
field), which only have collisional pumping. This is par-
ticularly relevant when a luminous source is present (e.g.,
AGN) in the background, such that optical/UV radiation
is absorbed by dust and reradiated in IR. The vibrational
transition of HCN molecule is at 14 µm, where the radi-
ation from warm dust irradiated by AGNs is strong, and
therefore this is one of the possible mechanisms to explain
the high HCN/CO ratio toward AGNs. The absorption
line of the HCN 14 µm transition can be seen in several
IR luminous galaxies (Lahuis et al. 2007; Farrah et al.
2007). Recent interferometric observations toward those
galaxies have indeed displayed vibrationally excited HCN
lines toward their IR luminous nuclei (Salter et al. 2008;
Sakamoto et al. 2010; Imanishi et al. 2013).
To check whether IR pumping of HCN can occur near
the nucleus, we need to estimate the radiative excitation
in this region. The condition for the IR pumping to be
effective is when the probability of the HCN v = 0 − 1
vibrational transition absorption at 14 µm, Bv=0−1I14µm
(s−1), is larger than that of the HCN J = 1 – 0 rotational
transition spontaneous emission, AJ=1−0 (s
−1), namely,
Bv=0−1I14µm ≥ AJ=1−0, (3)
where I14µm is the average intensity of the radiation field
at 14 µm. This equation can be re-written as
c2
2hν3
Av=1−0I14µm ≥ AJ=1−0, (4)
where c is the speed of light, h is the Planck con-
stant, and ν is the frequency. We use Av=1−0 = 2.23
s−1 (Harris et al. 2006) from the GEISA spectroscopic
database (Jacquinet-Husson et al. 2011) and AJ=1−0 =
2.41 × 10−5 s−1 (Dumouchel et al. 2010) from RADEX
(Van der Tak et al. 2007) for this calculation.
To estimate the radiation field at 14 µm around the
nucleus of M51, we use the recent high resolution images
taken with the photometric bands S11 (11 µm) and L15
(15 µm) of the AKARI Infrared Camera (Egusa et al.
2013). Both images show a point-like source at the nu-
cleus of M51 at a spatial resolution of 7.′′4, and well sepa-
rated from the surrounding spiral arms (i.e., no contami-
nation from the emission of the spiral arms; see Fig. 2 of
Egusa et al. 2013). We therefore assume that the point-
like emission at the nucleus of M51 in these images origi-
nates from the compact Seyfert 2 nucleus. The flux densi-
ties of the nuclear emission at S11 and L15 are 3.7×10−2
Jy and 6.4× 10−2 Jy, respectively. With linear interpo-
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Fig. 7.— LVG calculation results with (upper row plots) and without (bottom row plots) IR pumping. We adopted the kinetic temperature
of molecular gas as 100 K. Plots are brightness temperatures (Kelvin) of CO (black lines) and HCN (red lines) as a function of H2 number
density (cm−3). Solid, dashed, and dotted lines are the results for J = 1 – 0, 2 – 1, and 3 – 2 transitions, respectively. (a) Result with
NHCN/dv of 3 × 10
13 cm−2 (km s−1)−1 and with IR pumping. (b) Result with NHCN/dv of 3 × 10
14 cm−2 (km s−1)−1 and with IR
pumping. (c) Result with NHCN/dv of 3× 10
13 cm−2 (km s−1)−1 but without IR pumping. (d) Result with NHCN/dv of 3× 10
14 cm−2
(km s−1)−1 but without IR pumping.
lation between S11 and L15 flux densities, we estimate a
14 µm flux density, S14µm, of 5.7× 10
−2 Jy.
I14µm can be calculated using S14µm as
I14µm =
S14µm
Ω14µm
, (5)
where Ω14µm is the solid angle of the source at 14 µm.
Since the compact infrared nuclear source of M51 has not
been resolved so far, we adopt the size of the infrared
source as a few (2 − 3) pc, which is the same as that
of the thick dust disk observed toward the nucleus of
the prototypical Seyfert 2 galaxy NGC 1068 (Jaffe et al.
2004). Substituting the above values into eqs. (5) and
(4), the left-hand side of the eq. (4) is calculated as (3.3−
9.2)× 10−5 s−1, which is larger than the right-hand side
of the equation of 2.41 × 10−5 s−1. This indicates that
IR pumping can occur in the molecular gas surrounding
the Seyfert 2 nucleus of M51.
We then included the infrared pumping effect in our
LVG calculations. We use the above calculated 14 µm
intensity for the radiation coming from the background
infrared source. Here, we adopt the infrared source size
of 3 pc. We also assume that the molecular gas has a tem-
perature of 100 K. Note that in general higher molecu-
lar gas temperature induces more collision, and therefore
decreases the effect of infrared pumping. But under the
high temperature condition, the effect of infrared pump-
ing to lower transitions is insensitive to changes in the
molecular gas temperature, since most of population is
at higher transitions; a factor of a few change in temper-
ature gives almost no difference in the calculation results.
In the first calculation, we use the H2 column density
per velocity of 1 × 1021 cm−2, which corresponds to the
H2 column density toward the nucleus of M51 (6.2×10
21
cm−2; Matsushita et al. 2007) divided by the typical ve-
locity width of the extragalactic molecular clouds of 6−8
km s−1 (Combes & Becquaert 1997). We also assume
that the column densities per velocity for CO and HCN,
NCO/dv and NHCN/dv, are 5 × 10
16 cm−2 (km s−1)−1
and 3 × 1013 cm−2 (km s−1)−1, respectively. These col-
umn densities for CO and HCN correspond to the normal
abundance ratio mentioned in Sect. 4.3.1 relative to the
H2 column density mentioned above. The results for the
brightness temperatures of CO (black curves) and HCN
(red curves) lines are shown in Fig. 7(a), with the com-
parison of the results without infrared pumping (Fig. 7c).
As can be seen, using the normal abundance of HCN
and CO, the HCN(1 – 0)/CO(1 – 0) ratio of at most
about unity can be realized under very limited condi-
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tion of nH2 ∼ 10
5−6 cm−3, but cannot realize HCN(1 –
0)/CO(1 – 0) > 2 both with and without infrared pump-
ing.
We then repeated the calculations by increasing the
HCN abundance by an order of magnitude, namely
changing NHCN/dv to 3 × 10
14 cm−2 (km s−1)−1. The
calculation results are displayed in Fig. 7(b), with the
comparison of the results without infrared pumping
(Fig. 7d). In both cases, high HCN(1 – 0)/CO(1 –
0) ratio of > 2 can be obtained at dense condition
(nH2 > 10
5 cm−3). On the other hand, when includ-
ing infrared pumping, HCN(1 – 0)/CO(1 – 0) > 2 can
also be obtained even at low density condition, namely
it is possible at large density range.
Note that with the H2 column density per ve-
locity we used, the CO brightness temperatures,
especially J = 1 – 0, are much lower than the as-
sumed molecular gas temperature of 100 K, since
CO is already thermalized and the population is
at higher-J transitions, which makes the lower-J
lines optically thin and therefore low brightness
temperatures. This is consistent with the non-
detection of the CO lines toward the nucleus un-
der the current noise level of ∼ 2−3 K at 3σ upper
limit (see Fig. 3) and the detection of the HCN(1
– 0) line.
In summary, infrared pumping does not need to be
invoked to realize high HCN(1 – 0)/CO(1 – 0) ratio of >
2, but with infrared pumping, it is easier to realize. Since
this is not conclusive only with the LVG calculations, we
discuss the possibility of infrared pumping with other
observational results in the next subsection.
4.3.3. Possible Causes of High HCN Abundance
Based on the radiative transfer calculations above, it
is necessary to have high HCN abundance to realize high
HCN(1 – 0)/CO(1 – 0) ratio. There are several ways in
which the HCN abundance may be enhanced. One pos-
sibility is due to high X-ray radiation from AGNs. Since
X-ray radiation penetrates much deeper and denser re-
gions than UV radiation, the chemical reactions exhibits
different pathways compared with Photo-Dissociated Re-
gion (PDR). The molecular gas region that is irradi-
ated by X-ray is called X-ray Dominated Region (XDR;
Maloney et al. 1996), and some radiative transfer cal-
culations of XDR succeeded to enhance the HCN abun-
dance (Lepp & Dargarno 1996; Lintott & Viti 2006), but
some do not (Meijerink & Spaans 2005; Meijerink et al.
2007). Second possibility is energetic particles (i.e., cos-
mic rays) either from AGNs or radio jets. This possi-
bility, however, reduces the HCN and HNC abundances,
and increases the HCO+ abundance (Bayet et al. 2010),
which do not match with our results. Another possibility
is the high temperature gas phase chemistry as recently
suggested by Harada et al. (2010, 2013). This radiative
transfer calculation includes the time-dependent inter-
stellar chemical gas-phase reaction network, so that this
calculation gives resultant molecular gas abundances un-
der strong heating by X-ray irradiation. The calcula-
tion results show high HCN abundance, which matches
with our observations. Furthermore, the HNC abun-
dance increase is an order of magnitude less than that for
the HCN abundance, and the HCO+ abundance shows
decrement under this model, which again matches with
our results of non-detection for the HCO+(1 – 0) and
HNC(1 – 0) lines. Indeed, the HCO+ vibrational ab-
sorption line at 12 µm has not been detected toward
the luminous infrared galaxies from which the HCN vi-
brational absorption line at 14 µm has been detected
(Imanishi et al. 2010). Since the HCO+ vibrational tran-
sition is located at a similar wavelength and has a similar
Einstein coefficient as that of the HCN vibrational tran-
sition, non-detection of the HCO+ absorption line sug-
gests that the HCN abundance has enhanced compared
to that of the HCO+, consistent with this model. In ad-
dition, high HCN/HNC abundance ratios have been ob-
served toward active star forming cores (Goldsmith et al.
1986; Schilke et al. 1992), and low ratios in starless cores
(Hirota et al. 1998) in our Galaxy, which is again consis-
tent with this model. Our results therefore strongly sup-
port the model presented in Harada et al. (2010, 2013).
On the other hand, the radiative transfer calculation
results in Sect. 4.3.2 cannot realize HCN(1 – 0)/CO(3 –
2) above unity even under the HCN abundance enhanced
conditions; in the CO(3 – 2) map (Fig. 3), contours at
the level of 3 − 4σ, namely 1.3 − 1.7 K, are at the nu-
cleus, but no intensity peak has been observed as in the
HCN map, if we consider the beam size. This suggests
that HCN(1 – 0) is stronger than CO(3 – 2) at the nu-
cleus, which is inconsistent with the calculation results
in Fig. 7. One possible mechanism to make the HCN(1
– 0) emission strong is weak HCN masing. The infrared
pumping can invert the population at the HCN(1 – 0)
transition and possible to produce the maser emission at
this transition (Dinh-V-Trung & Nguyen-Q-Rieu 2000).
The HCN(1 – 0) masers have indeed been observed to-
ward various carbon stars (Izumiura et al. 1987, 1995;
Olofsson et al. 1993). Under this excitation condition,
and if the HCN molecule is distributed as an edge-on
torus or disk that is similar to the water maser disk in
NGC 4258 (Miyoshi et al. 1995), it is possible to cre-
ate HCN maser emission at the systemic velocity. This
matches well with the strong HCN(1 – 0) nuclear emis-
sion only at the systemic velocity channel (Figs. 3 and
4). Similar explanation has been discussed for the strong
spike in the HNC(3 – 2) emission for the western nucleus
of Arp 220 (Aalto et al. 2009), although our observation
has not been detected any HNC emission, probably due
to the high temperature gas phase chemistry in our case,
as mentioned above.
Our results therefore suggest that there is a compact
dense molecular gas in front of the type 2 AGN in M51
that cannot be resolved in our spatial resolution of ∼ 1′′
(∼ 34 pc). This component can be the obscuring mate-
rial for the type 2 nucleus of M51; assume this compo-
nent has a size of ∼ 1 pc (i.e., much smaller than the
spatial resolution of our observations) along the line of
sight and a density of ∼ 106 cm−3 (i.e., consistent with
the radiative transfer calculation results in Sect. 4.3.2),
then the column density along the line of sight will be
calculated as ∼ 3 × 1024 cm−2. This value is consistent
with the column density of ∼ 5.6 × 1024 cm−2 for the
absorption material in front of the nuclear X-ray source
(i.e., AGN) of M51 (Fukazawa et al. 2001). It is highly
required to observe with HCN lines with≪ 1′′ resolution
toward M51 to directly image the obscuring material in
front of the AGN, which may give us knowledge about
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the still-unknown obscuring and feeding mechanisms of
AGNs.
5. SUMMARY
Our newly obtained ∼ 1′′ (∼ 34 pc) resolution HCN(1
– 0) image toward the Seyfert 2 nucleus of M51 (NGC
5194) revealed the following results:
• The overall HCN(1 – 0) distribution and kinemat-
ics are similar to those of the CO lines. Since it
is known that the kinematics derived from the CO
lines indicates the jet-entrained nature, this simi-
larity indicates that the dense gas is also entrained
by the jets and outflowing from the AGN.
• HCN(1 – 0)/CO(1 – 0) brightness temperature ra-
tio is stronly enhanced along the jets with the value
around unity, and the value is similar to that of
the shocked gas in the outflows from young stellar
objects in our Galaxy, suggesting that the HCN
enhancement along the jets are highly related to
shock.
• A strong HCN(1 – 0) emission has been detected
toward the nucleus only at the systemic velocity
channel. No CO emission has been detected at
this region and at this velocity, and therefore the
ratio turned out to be more than 2. To realize this
high ratio, it is suggested from our radiative trans-
fer model that weak HCN maser triggered by the
infrared pumping with HCN abundance enhance-
ment is the possible mechanism. The most plausi-
ble configuration for emitting the HCN maser is a
rotating edge-on dense molecular gas disk or torus
around the AGN, similar to the water maser disks
in other Seyfert 2 galaxies. If this disk or torus has
the size of ∼ 1 pc and the density of ∼ 106 cm−2,
then it is possible to explain the nuclear obscura-
tion for this type 2 AGN in M51.
• Cause of the high HCN abundance can be due
to high temperature gas phase chemistry. Non-
detection of the HCO+(1 – 0) and HNC(1 – 0) lines
in our observations also support this model.
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